A remarkable feature of layered transition-metal oxides-most famously, the high-temperature superconductors-is that they can display hugely anisotropic electrical and optical properties (for example, seeming to be insulating perpendicular to the layers and metallic within them), even when prepared as bulk threedimensional single crystals. This is the phenomenon of 'confinement', a concept at odds with the conventional theory of solids, and recognized 1 as due to magnetic and electron-lattice interactions within the layers that must be overcome at a substantial energy cost if electrons are to be transferred between layers. The associated energy gap, or 'pseudogap', is particularly obvious in experiments where charge is moved perpendicular to the planes, most notably scanning tunnelling microscopy 2 and polarized infrared spectroscopy 3 . Here, using the same experimental tools, we show that there is a second family of transition-metal oxides-the layered manganites La 222x Sr 112x Mn 2 O 7 -with even more extreme confinement and pseudogap effects. The data demonstrate quantitatively that because the charge carriers are attached to polarons (lattice-and spin-textures within the planes), it is as difficult to remove them from the planes through vacuum-tunnelling into a conventional metallic tip, as it is for them to move between Mn-rich layers within the material itself.
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The manganese perovskite oxides (manganites) have been the subject of a decade-long revival, spurred by the colossal magnetoresistance 4, 5 of thin films and sustained by the large variety of physical phenomena-including Jahn-Teller distortions, charge, spin and orbital ordering [6] [7] [8] [9] -manifested in carefully prepared single crystals. A fruitful new area has been the layered manganites, the most prominent of which is La 222x Sr 1þ2x Mn 2 O 7 (LSMO). They are built from perovskite bilayers as found in the pseudocubic parent compound (La,Sr)MnO 3 , separated by rock-salt-type lanthanide and alkalineearth ion oxide sheets in a tetragonal crystal structure (Fig. 1a) . These materials can be viewed as self-assembled stacks of two-dimensional electronic liquids weakly coupled to each other. They display the same anisotropic electric resistance (Fig. 1b) as the high-temperature superconductors (HTSs), and the same tunnelling magnetoresistance as topdown fabricated spintronic devices, where switching from the low-to the high-resistance state occurs via conversion from antiparallel to parallel configurations of the spins in adjacent bilayers 10 . The lamellar structure of some HTS copper oxides has been very advantageous for experiments that are traditionally suitable for surface science, namely photoemission and scanning tunnelling microscopy (STM). Much less information of this type is available for the manganites, especially their layered polymorphs. Here we report atomic scale microscopy and temperature-dependent spectroscopy of unprecedentedly large and (for manganites) flat surfaces of LSMO, providing definitive evidence for confinement but finding no evidence-in this particular oxide-for the popular concept of electronic phase separation 11 where different electronic states coexist in adjacent regions.
As a function of Sr doping x, LSMO exhibits the familiar features of many manganites 12 . On cooling from the high-temperature paramagnetic state, LSMO develops a charge-ordered insulator around x ¼ 0.5 and a variety of ferro-and antiferromagnetic phases between x ¼ 0.45 and x ¼ 0.30. We investigate the x ¼ 0.30 compound, a, Bilayer perovskite structure and different paths considered for the c-axis transport. Green arrows depict the ferromagnetic domains, and the dashed red line a possible reduced-resistance c-axis conduction path. b, The measured in-plane resistivity, r ab (green), and c-axis resistivity, r c (blue), drop dramatically below the ferromagnetic ordering temperature. The high-temperature part of the c-axis resistivity fits a purely activated behaviour (red), r c 0 (T) / T
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exp(D r /2k B T), with D r ¼ 188 meV. The dashed red line depicts a model that includes in-plane contributions through conductivity enhancements at magnetic stacking faults. It places the intrinsic c-axis resistance r c 0 (T) in parallel with a shunt resistance that is the product of r ab (T) and a prefactor a
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(T), determined by the distances that the carriers travel within the planes, as well as the probability of moving carriers between parallel magnetized bilayers in the defective regions where adjacent bilayers have parallel magnetizations. Because the latter quantity grows with the magnetic order parameter M appearing below T c , we use the Ansatz that a(T) ¼ aM
whose outstanding feature, shared with optimally and underdoped HTSs, is that in the paramagnetic phase the electrical resistance within the planes appears metallic-decreasing with decreasing temperature-while that corresponding to hopping between them is much larger and insulating (Fig. 1b) . Below T c ¼ 90 K, the material orders as an antiferromagnetic stack of two-dimensional ferromagnets (the bilayers), and the electrical properties in zero field track each other, following the paradigm of dirty metals with quantum corrections 13 . We performed STM using tungsten tips in ultrahigh vacuum at temperatures from 5 to 400 K. In situ cleavage at room temperature of the LSMO single crystals 14 produced clean and extremely flat surfaces (peak-to-peak roughness below 0.3 Å over micrometre-sized terraces, Fig. 2a ). As three-dimensional perovskites like LaMnO 3 do not cleave, LSMO must break between the perovskite bilayers, in agreement with the observed steps that are half a unit cell high (Fig. 2a ). Yet, despite the smooth surfaces, atomic resolution remains elusive, except for tiny islands containing approximately 30 unit cells with the expected 3.86 Å Mn ion spacing lattice parameter (Fig. 2b) , and slightly raised (above the background terrace) by an amount too small to be ascribed to adsorbed impurities. The low density of small and stable (reproducible over many hours, Fig. 2c-e) islands should not be regarded as phase separation, but as a local perturbation by some atomic-scale defect in the otherwise homogeneous system. Spatially resolved tunnelling spectroscopy can establish electronic phase separation into metallic and insulating regions 15, 16 and determine whether there is a specific signature associated with the magnetic metal-insulator transition at T c ¼ 90 K. Therefore, for each temperature, we measured and analysed thousands of currentvoltage characteristics, I(V), at different locations over areas ranging from 10 to 10 6 nm 2 . Several conclusions can be directly read from the representative data in Fig. 3a, b . First, the current distribution (white band) for each bias stemming from 2,000 spectra exactly matches the spread in each individual spectrum (dots), meaning that the spectra are extremely homogeneous over micrometre-sized regions at all temperatures. Furthermore, at 283 K, the regions with resolved atoms are spectroscopically indistinguishable (to within current experimental error) from surrounding featureless areas. Our most remarkable discovery is also directly visible in Fig. 3 : the spectrum is gapped at 44 K (that is, essentially no current flows between two bias voltages, V þ and V 2 ), seemingly at odds with the bulk transport measurements 17 showing a two orders of magnitude drop in resistivity to metallic behaviour below 90 K.
To quantify the tunnelling characteristics, we evaluate the zerobias conductance, j 0 , namely the slopes of I(V) at V ¼ 0 (red line in Fig. 3a, b) . For each temperature, the slopes from thousands of spectra fall on a normal distribution, gradually shifting away from zero on increasing the temperature (Fig. 3c, inset) . The increase of spread with temperature is a purely instrumental effect, accounted for by a constant electronic noise enhanced by the temperature dependence of the STM's piezoelectric coefficients. Hence, at no temperature do our data show any sign of electronic phase separation into metallic and insulating regions, which would yield two peaks rather than the observed single peak in the distribution of j 0 values.
The temperature (T) dependence of j 0 (T) / T 3/2 exp(2D/2k B T), where k B is Boltzmann's constant, is consistent with a thermally activated conductance across a gap D ¼ 196^12 meV at the Fermi energy (Fig. 3c ), in agreement with the gap D r ¼ 188 meV found from fitting the high-temperature c-axis resistivity (r c ) to the thermally activated form (Fig. 1b) . Because the detailed nature of the tunnel junction changes between experiments, the absolute value of the zero-bias slope may vary (Fig. 3c) . However, it does not affect the extracted gap, giving additional confidence that we are probing a gap intrinsic to LSMO.
Whereas j 0 can be determined in a robust manner, it is more difficult to extract D from the tunnelling spectra. Bearing in mind that the zero-bias slope is simply due to thermal activation, we define V 2 (V þ ) as the negative (positive) bias at which the tunnelling current departs by a given amount (threshold) from the ohmic background (Fig. 3d) . The gap amplitude, defined as D ¼ V þ 2 V 2 , depends on the particular choice of threshold, but its dramatic temperature dependence, doubling between room and base temperatures, much less so. Surprisingly, a more conventional linear behaviour is found for the chemical potential, m ¼ (V þ þ V 2 )/2 < 2 3/4k B T, which, assuming the classic law m ¼ 23/4k B T ln(m e /m h ) for an intrinsic semiconductor 18 , yields m e /m h ¼ 2.7, implying that holes travel more easily along the c axis than electrons. (Here m h (m e ) is the hole (electron) effective mass.)
Optical reflectivity is another probe of the electronic excitation spectra of solids, and has the advantages of much less surface sensitivity than photoemission and scanning tunnelling spectroscopy (STS), in addition to not depending on the details-crucial for d.c. conductivity-of electrical current flow in a macroscopic sample with electrical contacts. Consistency between optical data and STS is therefore a definitive demonstration of whether the STS measurements represent surface or intrinsic bulk phenomena. Accordingly, Fig. 4 shows the optical conductivity 19 for LSMO. When polarized photons drive the carriers to move within the planes, the low-energy part of the spectra displays a marked Drude-like tail below T c , signalling metallic behaviour (Fig. 4a ) in excellent agreement with the in-plane resistivity data of Fig. 1b . In contrast, there is no sign of a metallic Drude-like peak in the c-axis optical conductivity (Fig. 4b) , which shows a clear gap with no spectral weight up to about 400-500 meV (except for sharp phonon bands in the range 20-80 meV). The conductivity onset energy is entirely consistent with the low-temperature gap D ¼ V þ 2 V 2 deduced from our STS spectra.
What is striking about our findings is the consistency of the STS and c-axis optical conductivity. Furthermore, the same gap value characterizes the temperature-dependent spectroscopy and the high temperature r c , indicating that both measurements probe the same bulk property. However, on cooling we uncover the curious result that STS seems oblivious to the Néel point (90 K), below which r c displays seemingly metallic behaviour while the zero-bias conductance, the STS spectra and j c (q) are all consistent with an insulator (here q is frequency). How can we reconcile the striking discrepancy below T c between macroscopic resistivity measurements and the vacuum tunnelling and optical spectroscopies? The most obvious idea is to assert, as has been done on the basis of analysis of X-ray data for samples exposed to air, that the surface probed via tunnelling is somehow insulating and non-magnetic 20 , and therefore different from the bulk sampled in electrical measurements. However, this is at odds with spin-polarized scanning electron microscopy clearly demonstrating that the top layer is ferromagnetic 21 , the in-plane metallic screening (see ref. 22 and discussion below) underlying the general lack of atomic contrast in ultrahigh-vacuum STM, static secondary ion mass spectroscopy suggesting that the top 1 nm of our cleaved sample has the same chemical composition as the bulk, and the agreement of STS and the much less surface-sensitive optical conductivity results.
The data show that whatever dominates the d.c. conductivity along c has no effect on the optical and STS measurements. To account for the d.c. metallicity, we consider LSMO as a stack of alternating metallic and insulating layers. In a perfect sample, the c-axis transport would always be thermally activated, with r c diverging at low temperature in agreement with the STM experiments. The sudden drop of r c at the ferromagnetic transition must then be due to a parallel conduction mechanism. The idea is that while adjacent bilayers have predominantly antiparallel magnetizations, there will be defects where the domain walls in adjacent layers do not exactly coincide, resulting in regions containing adjacent bilayers whose magnetizations are parallel (Fig. 1a) . In these regions the tunnelling probability will be enhanced, as demonstrated by the large and negative c-axis magnetoresistance seen in the low-temperature limit 10, 12 . Whereas the defective regions only contribute weakly to r c above T c , they turn into a well-connected network below T c , effectively shunting the cation layers. Indeed, as depicted in Fig. 1b , r c (T) is reproduced by a simple model, described in the legend, with the activated intrinsic c-axis resistance r c 0 (T) / T 23/2 exp(D r /2k B T) in parallel with the shunt resistance dominated by r ab (T) (where r ab is the in-plane resistivity). As r c 0 (T) diverges on lowering the temperature, the intrinsic anisotropy becomes larger and the c-axis resistance increasingly mimics the in-plane resistivity. In contrast, the parallel channel is inoperative in the STM tunnelling process, where a vacuum barrier is maintained between the tip and the sample surface, and so does not contribute to the temperature-dependent zero-bias conductance.
The key findings of our investigations are (1) position-independent and (2) gapped tunnelling and c-axis optical spectra at all temperatures, (3) metallic in-plane optical and d.c. conductivity, (4) c-axis d.c. conductivity that follows an activated form consistent with both STS and j c (q) at high T but then tracks the in-plane d.c. conductivity rather than the STS zero-bias conductance at low T, and (5) atomic resolution that is stable and reproducible but limited to very small regions on the extremely flat surfaces prepared in ultrahigh Figure 4 | Optical conductivity deduced from near-normal-incidence reflectivity measured on single crystal samples (sharp peaks at 20-80 meV are due to phonons) 19 . a, In-plane optical conductivity. The dramatic increase at low frequencies (q) below 90 K corresponds to Drude-like metallic behaviour. b, The c-axis optical conductivity shows a semiconductor-like absorption edge at around 4-500 meV. Inset shows how the conductivity is related to a filled to empty state transition in the single particle density of states measured via STM (Fig. 3a, b) . Imperfect alignment of the photon polarization and the crystal c-axis mixes the measured in-plane and out-of-plane conductivities, and is the most likely cause of the leftward shift of the absorption edge on cooling.
vacuum. All indications from the STM data themselves-including the step heights and lattice parameters measured when atomic resolution is found-demonstrate that the results are intrinsic to cleaved surfaces of LSMO. Furthermore, we have presented detailed evidence and analysis indicating that the STS, optical and d.c. conductivity measurements are entirely consistent with each other. This leaves us with the challenge of understanding the underlying anisotropy in quasiparticle transport out of the planes in LSMO and the surprising observation (5) .
The quasiparticles in strongly correlated materials can be very different and more complex than the renormalized electrons found in simple metals. As STS extracts or inserts single (bare) electrons, the quasiparticles must dissociate in the tunnelling process. Even if the quasiparticles form a metal in the plane, STS will measure a gap corresponding to the energy it takes to destroy the quasiparticle to extract the electron (hole) from the MnO layer. Thus, when the transport, STS and optical data on LSMO are taken together, we are left with a picture where charge carriers are confined to metallic bilayers in LSMO, and cannot escape without a finite energy transfer. This is true down to the lowest temperatures, where our LSMO samples are magnetically ordered, and the conventional theory of solids would suggest a fully three-dimensional metal. The charge carriers are therefore bound to larger objects that can move within, but not between, the planes. Possible candidates for such objects are the polarons whose effects on the lattice and spin texture have been seen using X-rays and neutron scattering 23, 24 . Polarons have also been associated with the pseudogap observed by angle-resolved photoemission spectroscopy (ARPES) 25 in LSMO with x ¼ 0.4 and the gap measured by STM 26 in the pseudo-cubic compound La 12x Ca x MnO 3 with x ¼ 0 and x ¼ 0.3. Most recently, detailed ARPES experiments led to a very similar description of LSMO (x ¼ 0.4) in terms of a polaronic metal with a gapped anisotropic electronic structure 27 . It turns out that the same polaron picture provides a similarly clear understanding of observation (5) , and is at the heart of our discovery of atomic-scale features in a metallic manganite. Specifically, the general inability to resolve atoms-in contrast to the case for the charge-ordered manganite (Bi,Ca)MnO 3 (ref. 28)-suggests metallic screening of charges within the a-b planes, in agreement with the bulk in-plane conductivity data. Typically, STM can only image metal atoms (for example, in gold) under conditions where there is bonding and relative motion between the tip and sample atoms. For the parameters achievable in our measurements, screening would reduce atomic contrast to below 0.02 Å (ref. 22) . The small areas where atomic resolution is attained must therefore be regions where screening is relieved, owing perhaps to a point defect.
In some famous experiments 29 on much simpler metals, and recently on HTSs 30 , quasiparticle scattering at defects results in electron density modulations with periodicities fixed by the quasiparticle dispersion relation. Obviously a sufficiently strong defect may bind (trap) a quasiparticle, resulting in a static (non-dispersive) STM pattern reflecting the internal structure of the polaron. There is some experimental evidence for this phenomenon in the copper oxides 31 at energies below the quasiparticle dispersion effects. Here, we speculate that this is what is occurring when we see atoms in LSMO, and our experiments may have captured the real-space image of that very elusive object-a trapped polaron. The trapped polaron concept could account not only for the relative paucity of regions with resolved atoms on surfaces that were optimized for smoothness and cleanliness, but would also explain their common size, which in fact coincides with neutron and X-ray scattering results 23, 24 for the lattice and spin textures associated with polarons.
